The oxygen reduction reaction performance of the hollow porous oxide spinel microspheres was investigated. The ZnMnCoO 4 possessed a high onset potential of 1.00 V and an outstanding durability in the alkaline solution. 
INTRODUCTION
Due to high cost of noble-metal catalysts and the declining oxygen reduction activity on the cathode of proton exchange membrane (PEM) fuel cells and metal-air batteries, recent research has witnessed intense investigation into the promising and versatile non-precious catalysts for the oxygen reduction reaction (ORR). [1] [2] [3] [4] [5] To this end, several low-cost non-noble-metal alternatives have emerged, including carbonbased materials, [6] [7] [8] [9] non-precious transition metals and metal alloys (e.g., Fe, Co, Ni-Cu alloy), [10] [11] [12] and transition metal oxides (e.g., Fe 3 O 4 , Co 3 O 4 ). 13, 14 However, transition metal oxides often possess high overpotentials. Moreover, carbon-based catalysts and transition metal alloys often involve poor durability, thus preventing them from large-scale commercial applications in PEM fuel cells and metal-air batteries.
It is notable that the activity of ORR catalysts is primarily controlled by their electronic structures, where the energy released due to the bond formation of M (m+1)+ -O 2 2À (M = Co, Mn, etc.) on the surface of catalyst is required to be close enough to the energy needed to break the M m+ -OH À (M = Co, Mn, etc.) bond to ensure a fast displacement of O 2À /OH À and OH À regeneration. 15 As an important class of metal oxides, perovskite oxides (ABO 3 ) with the s* antibonding orbital (e g = 1) displays the highest ORR activity. 16 However, most perovskite oxides tend to dissolve in an acid solution and their surface amorphization usually occurs in an alkaline solution. 17 Notably, Co 3+ -based oxides such as Co 3 
RESULTS
The morphology of as-prepared ZnMn x Co 2Àx O 4 samples were examined by transmission electron microscopy (TEM) and field-emission scanning electron microscopy (FESEM) as shown in Figures 1, S1 , and S2, respectively. The (111), (220), (311), (222), (400), (422), (511), and (440) lattice planes, respectively. Rietveld analysis of the synchrotron XRD pattern of ZnMnCoO 4 microspheres is shown in Figure 2B and Table S1 with the reliability (Figure 3A) . The half-wave potential of ZnMnCoO 4 was only 50 mV lower than that of Pt/C and 261 mV higher than that of ZnCo 2 O 4 ( Figure 3B ). Moreover, the ZnMnCoO 4 original current remains when ZnMnCoO 4 was tested at 0.6 V in O 2 -saturated 0.1 M KOH solution for 10 hr (Figure S8 ), signifying the outstanding stability of ZnMnCoO 4 . Moreover, both ZnCo 2 O 4 and ZnMnCoO 4 catalysts showed a better methanol tolerance than the commercial Pt/C in a 3 M methanol solution ( Figure S6D ). Table S2 summarizes the activity and durability of all catalysts studied in this work.
As Figure 4B ). In contrast, ZnCo 2 O 4 has no such an orbit ordering (i.e., an antiferromagnetic-to-paramagnetic transition) at low temperature ( Figure 4A ). Figure 4C ). Figure 4D . The ORR activity was greatly improved as the bond length of Co 3+ -O increased. In ZnMn 2 O 4 catalyst, the Mn 3+ ion has a s*-antibonding-filling e g = 1; however, Mn 3+ with a strong JahnTeller effect and an Mn 3+ -O bond length of 2.099 Å (calculated from the XRD profile in Figure 2A ) has a weak interaction with the oxygen and a low ORR activity. The DFT calculations were then conducted to elucidate the relationship between the ORR activity and the spinel structure of crafted ZnMn x Co 2Àx O 4 catalysts. The ORR in alkaline solution proceeded via the following reactions. (1) and (5) are the rate-limiting steps of ORR in the alkaline solution. 27 The first step of ORR is the O 2 adsorption on the surface of catalyst ( Figure 5A ), the oxygen molecule and Co 3+ ion on ZnCo 2 O 4 surface forms a strong bond with a Co-O bond distance of 1.767 Å (second panel in Figure 5A ). In sharp contrast, ZnMnCoO 4 has a larger Co-O bond distance of 1.820 Å (second panel in Figure 5B ) and a weaker binding with O 2 . Moreover, the oxygen molecule has an O-O bond distance of 1.448 Å in ZnMnCoO 4 (second panel in Figure 5B ), which is much larger than that in ZnCo 2 O 4 (1.312 Å ; second panel in Figure 5A) . As a result, the reaction (3) in ZnMnCoO 4 proceeds much faster and generates less peroxide intermediate OOH À than that in ZnCo 2 O 4 . The dissociation of the oxygenated intermediated species such as *O and *OH in reactions (4) and (5) limits the ORR activity in spinel oxides. As shown in Figure 5 , the Co-O bond lengths in ZnMnCoO 4 and ZnCo 2 O 4 are 1.712 Å (third panel in Figure 5B ) and 1.670 Å (third panel in Figure 5A ), respectively, and the corresponding binding energy in 3 ) (all in powder forms) were then added to the above solution at different cationic ratios under magnetic stirring at room temperature for 2 hr to yield desired ZnMn x Co 2Àx O 4 (0 % x % 2) microspheres. The mixture was then transferred to a flask and maintained at 190 C in an oil bath for 6 hr. The light-brown precipitate was collected by centrifugation and washed several times with ethanol. The as-synthesized precursors (i.e., the PVP and the metal ions coordinated complexes) were calcined at 500 C in air for 3 hr to yield the final product.
Commercial Co 3 O 4 powder was also used as control without any further purification.
Characterization of Spinel Samples
Powder XRD was employed to monitor the phase formation over a 2q range of 10 -70 . High-resolution synchrotron XRD data was collected at Sector 11 ID-C beamline at the Advanced Photon Source, Argonne National Laboratory. A monochromatic X-ray beam with a wavelength of 0.1173 Å was used. The diffraction data were recorded by an amorphous silicon detector. The two-dimensional images were then integrated to one-dimensional patterns with the Fit2D program.
The morphology and microstructures of ZnMn x Co 2Àx O 4 samples were investigated by an S-4800 field-emission scanning electron microscope and a transmission electron microscope. The BET specific surface area of samples was analyzed by nitrogen adsorption with a V-Sorb 2800P Surface Area and Pore Distribution Analyzer.
The temperature dependence of magnetic susceptibility was conducted from 2 to 300 K under a magnetic field H = 1 T with a Superconducting Quantum Interference Device magnetometer.
Electrode Preparation and Electrochemical Measurement
All electrochemical measurements were carried out on an Autolab electrochemical workstation with a conventional three-electrode system in N 2 -and O 2 -saturated 0.1 M KOH solution. The Hg/HgO electrode, a Pt foil, and a glassy carbon electrode (GCE, 5 mm in diameter) were used as the reference, counter, and working electrodes, respectively. All the potential values were calibrated to reversible hydrogen electrode (RHE). The catalyst inks were prepared as follows: 5 mg of catalysts (including 1 mg of Vulcan XC-72 carbon black) and 20 mL of 5 wt.% Nafion were dispersed in 300 mL of deionized water and 700 mL of isopropanol. Ten microliters of catalyst ink with a catalyst loading of 0.25 mg cm À2 was dropped onto GCE and dried at room temperature. The cyclic voltammetry and LSV measurements were performed at a rate of 50 and 5 mV s À1 from 0.3 to 1.1 V (versus RHE), respectively. The chronoamperometric responses were conducted on a fixed potential of 0.6 V in an O 2 -saturated 0.1 M KOH solution; 3 M methanol was added into the electrolyte when the test proceeded to 500 s in the methanol tolerance experiment.
First-Principles Calculations
First-principles calculations were performed based on DFT with a plane-wave basis set for expansion of the wave functions that were implemented with the CASTEP program. CASTEP in Accelrys Materials Studio was used in this study. The geometrical structures and density of states were calculated with the PBE form for generalized gradient approximation (GGA). An energy cutoff of 500 eV and appropriate k point were chosen to ensure the convergence of total ground-state energy. The convergence in energy and force were 1 3 10 À5 eV and 3 3 10 À2 eV Å À1 , respectively. Since electron correlation with the d states significantly affects the electronic structure and energetic properties of transition metal oxides, the GGA + U approach was used to accurately calculate the O 2 binding energy with U = 3.3 eV. We only considered typical stoichiometric (311) surface, which exhibited the strongest signal in the XRD result. Inversion symmetrical slabs were used to remove the dipole moment. The inner two layers of the slab were frozen at bulk position to simulate the bulk of this material. The thicknesses of vacuum (10 Å ), slab ($10 Å ), and free relaxation layer were chosen to obtain a surface energy in the given direction converged to within 5% of the calculated value. 
